Due to the particularity of metabolism and the importance of ecological roles, the archaea living 19 in deep-sea hydrothermal system always attract great attention. Included, the DPANN 20 superphylum archaea, which are massive radiation of organisms, distribute widely in 21 hydrothermal environment, but their metabolism and ecology remain largely unknown. In this 22 48 and assigned to two clades: the Crenarchaeota and the Euryarchaeota (4). With novel sequencing 49 techniques like metagenome generating, the archaeal tree have been dramatically expanded (5). 50
10 study, we assembled 20 DPANN genomes comprised in 43 reconstructed genomes from 23 deep-sea hydrothermal sediments, presenting high abundance in the archaea kingdom. 24
Phylogenetic analysis shows 6 phyla comprising Aenigmarchaeota, Diapherotrites, 25 Nanoarchaeota, Pacearchaeota, Woesearchaeota and a new candidate phylum designated 26 DPANN-HV-2 are included in the 20 DPANN archaeal members, indicating their wide diversity 27 in this extreme environment. Metabolic analysis presents their metabolic deficiencies because of 28 their reduced genome size, such as gluconeogenesis, de novo nucleotide and amino acid 29 synthesis. However, they possess alternative and economical strategies to fill this gap. 30 Furthermore, they were detected to have multiple capacities of assimilating carbon dioxide, 31 nitrogen and sulfur compounds, suggesting their potentially important ecologic roles in the 32 hydrothermal system. DPANN archaea show high distribution in the hydrothermal system. However, they possess 39 small genome size and some incomplete biological process. Exploring their metabolism is 40 helpful to know how such small lives adapt to this special environment and what ecological roles 41 they play. It was ever rarely noticed and reported. Therefore, in this study, we provide some 42 genomic information about that and find their various abilities and potential ecological roles. 43
Understanding their lifestyles is helpful for further cultivating, exploring deep-sea dark matters 44 and revealing microbial biogeochemical cycles in this extreme environment. 45
INTRODUCTION 46
Archaea are regarded as a significant part in the microorganism, playing key roles in the energy flow and biogeochemical cycle (1) (2) (3) . Originally, all archaea were found by cultivation 5 including lactate, formate, ethanol and acetate were found in many DPANN genomes, strongly 66 suggesting that they might have evolved to use substrate-level phosphorylation as a mode of 67 energy conservation (8, 12) . Secondly, due to their small genomes and limited metabolism, many 68 members of DPANN were inferred to be dependent on symbiotic interactions with other 69 organisms and may even include novel parasites (8) . Several reports recognized that the 70 Nanoarchaeota and the Parvarchaeota required contacting with similarly or larger sized hosts to 71 proliferate or parasitize (13-16). The Huberarchaea were also described as a possible epibiotic 72 symbiont of Candidatus Altiarchaeum sp. (17). Thirdly, their ecologic significance was only 73 studied by a few reports and limited in the Woesearchaeota despite their wide existence. The 74
Woesearchaeota were revealed a potential syntrophic relationship with methanogens and deemed 75 to impact methanogenesis in inland ecosystems (7). Moreover, Woesearchaeota were also found 76 to be ubiquitous present in the petroleum reservoirs, where they contribute to the ecosystem 77 diversity and the biogeochemical cycle of carbon (18). 78
As mentioned above, the insights of the DPANN group collected from different biotopes 79 have been studied, such as groundwater (19), surface water (20) and marine sediments (21). 80
However, the DPANN living in deep-sea hydrothermal vent sediments were little researched, 81 even though showing high abundance (22-24). Deep-sea hydrothermal vent sediments provide 82 the extensive habitats for microbial lives, and these microbes also drive nutrient cycling in this 83 ecosystem (25, 26). Furthermore, the microflora living there are presumed or detected to have 84 specific capabilities because of their special habitats (27). Most significantly, they are considered 85 6 as crucial hints to understand special life processes and ecosystems in the extreme environments. 86
Given that the DPANN take majority proportion in the archaea kingdom of hydrothermal system, 87 it's meaningful to know their lifestyles, metabolism even ecologic functions in the global 88 biogeochemical cycles. 89
Here, we found the DPANN were abundant in the deep-sea hydrothermal vents of the 90 western Pacific and then investigated their carbon cycles, assimilation and dissimilation of 91 nitrogen and genomic features about their special living environments. Finally, the DPANN were 92 detected to have multiple capacities of metabolizing carbon, nitrogen, and sulfur compounds, 93 playing crucial roles in the hydrothermal system, even though having reduced genome and 94 limited amino acids and nucleotides synthesis abilities. 95
RESULTS 96
The DPANN show high abundance and wide diversity in the hydrothermal system. To 97 explore the composition and specificity of archaeal communities inhabiting in the deep-sea 98 hydrothermal vent sediments, we collected and sequenced three sediment samples from the 99 Okinawa Through in the western Pacific ( Fig. S1 , Table S1 ). After assembly, 43 draft genomes 100 were reconstructed using coverage binning. All assembled genomes represent >50% 101 completeness (26 genomes > 70%) and < 10% contamination (DATASET S1). 102
For classifying these genomes, phylogenetic tree was constructed using 37 single-copy 103 protein-coding marker genes (Table S2) . Overall, 43 genomes distribute in 19 lineages basing on 7 the phylogenetic distance analysis (branches length distance < 0.6) ( Fig. S2 , DATASET S2). 105
Thereinto, 20 DPANN genomes belonging to different phyla were discovered ( Fig. 1) , showing 106 high abundance in the archaeal kingdom of the hydrothermal vent sediments. 107
In order to determine the confirmed phylum of the DPANN group living in hydrothermal 108 vents sediments (named DPANN-HV in this study), phylogenetic analysis was done using the 109 same methods above ( Fig. S3 , DATASET S3). Totally, the 20 genomes represent in 6 phyla 110 comprising Aenigmarchaeota (n=1), Diapherotrites (n=1), Nanoarchaeota (n=2), Pacearchaeota 111 (n=3), Woesearchaeota (n=9) and a new candidate phylum designated DPANN-HV-2 (n=4). In 112 the tree of the DPANN group, the DPANN-HV-2 form a distinct clade and have no lineage with 113 a closer similarity ( Fig. S3 ). 114
Further supports for designating DPANN-HV-2 as a new candidate phylum stem from 115 directly comparing the average amino acid identity (AAI) with all public DPANN genomes from 116 NCBI ( Fig. 2 , DATASET S4). The DPANN-HV-2 are respectively < 46.11% AAI and are more 117 similar to themselves than to other phyla. The AAI are as low as values observed among other 118 disparate phyla in DPANN as well as the threshold considered for separate phyla (28) ( Fig. S4 , 119 DATASET S4). These evidences further prove that they are a new phylum in the DPANN group 120 suggesting the great specificity of DPANN in such an extreme environment. More importantly, 121 their genome information enables us to speculate their lifestyles and metabolic versatility of 122 these extreme hydrothermal communities especially DPANN group. 123 8 The DPANN-HV lack gluconeogenesis pathway but possess alternative carbohydrates 124 metabolizing and carbon fixation capabilities. In the investigation into the lifestyles and 125 metabolisms of the DPANN-HV, we found their genomes were smaller than other archaeal 126 genomes ( Fig. S5, DATASET S3 ). Therefore, we inferred their limited or economical 127 physiological capacities by assigning metabolic functions to proteins in each genome. Firstly, we 128 investigated their abilities to metabolize carbohydrates. Glycolysis pathway plays an essential 129 role in most organisms to offer energy through breaking down glucose. We searched genomes 130 for three glycolysis key enzymes glucokinase (glk), phosphofructokinase (pfk) and pyruvate 131 kinase (pyk)) encoding genes, and found at least one gene in 90% genomes ( Fig. 3 , DATASET 132 S5). And pyruvate kinases producing ATP in glycolysis are expressed by more than 90% 133 members. It means that the DPANN-HV may be able to utilize a part of glycolysis to obtain 134 energy. Reverse to this pathway, gluconeogenesis, which produces sugars (namely glucose) for 135 catabolic reactions from non-carbohydrate precursors, is also crucial in most organisms. But 136 unexpectedly, 75% members of DPANN-HV lack the pyruvate carboxylase (pc) meaning that 137 they can't use gluconeogenesis pathway through pyruvate ( Fig. 3 ). Therefore, it proves that 138 gluconeogenesis pathway is absent in the DPANN-HV. 139
However, the significance of gluconeogenesis is supplying organisms glucose to produce Conclusively, we found the DPANN-HV applied several pathways to metabolize 171 extracellular carbon source (carbohydrates, proteins, and alkanes) existing in the environment. 172
But considering the harsh condition in the deep-sea, we sought to ask when the environmental 173 nutriment is poor, how will the DPANN-HV synthesize glucose? Carbon fixation pathways 174
probably are good solutions. 175
To assess the presence of carbon fixation, we built a gene database containing core enzymes 176 of the Calvin-Benson-Bassham cycle (CBB cycle), the reductive citric acid cycle (rTCA cycle) 177 and the Wood-Ljungdahl pathway (WL pathway). Commonly, the DPANN-HV have CBB cycle 178 and incomplete rTCA cycle ( Fig. 3 and 5 ). And a few genomes were detected to encode genes of 179 WL pathway such as H2.bin.39, H2.bin.54 and H2.bin.75. Even though, these genomes have 180 different pathways, the carbon fixation abilities are undoubted because the carbon dioxide 181 fixation genes are present in all genomes. Moreover, multiple key enzymes for carbon dioxide 182 fixation pathways appear in the same individual, although these pathways are incomplete. We 183 11 infer that the DPANN-HV adopt multiple pathways to assimilate more carbon sources and use 184 less enzymes as well as less consumption. Therefore, they can convert inorganic carbon to the 185 organic carbon substances efficiently for not only their own growth but other organisms'. 186
Because of their carbon assimilation and high abundance, the DPANN-HV are proposed to play 187 "producer" like roles in lightness deep-sea, and are probably important links in the element cycle 188 and energy transfer of the hydrothermal system. 189
The DPANN-HV assimilate nitrogen but limit in de novo nucleotides and amino acids 190 syntheses. Next, we investigated the DPANN-HV for their involvement in nitrogen cycle. The 191 results showed that the nitrogenases distributed in the genomes of DPANN-HV ( Fig. 3) . In 192 addition, some necessary genes encoding regulators for the nitrogen fixation system were also 193 found in most genomes, suggesting that the DPANN-HV were able to fix nitrogen and produce 194 ammonium salts. Ammonium salts, which are regarded as one of most important nutrients, 195 might not only satisfy with the need of the DPANN-HV but also other lives' in the same 196 environment. Such a phylum what execute biological nitrogen fixation process must be 197 essential in keeping balance of community structure in the ecosystem. 198
The main purposes of compounds containing nitrogen in the livings are synthesizing 199 nucleotides and amino acids. However, such a group with nitrogen fixation commonly lack of 200 both complete pathways. Through the analysis of purine synthesis pathway, the DAPNN-HV 201 don't have the capacities of the de novo purine synthesis (Fig. S11, DATASET S5) . But there is 202 no lack of genes of mutual transformations among nucleoside monophosphates, nucleoside 203 diphosphates and nucleoside triphosphates. In the analysis of pyrimidine synthesis, the same 204 result was displayed (Fig. S12) . We presume the DPANN-HV achieve some semi-finished 205 products like monophosphates from surrounding and then process them to DNA/RNA. If this 206 deduction is the fact, we propose that the DPANN-HV prefer to live in high biomass areas like 207 hydrothermal vents (32), because they need to achieve semi-finished nucleotides from other 208 livings. As for amino acids synthesis, after detecting the genomes, we found the DPANN-HV 209 had limited genes related to amino acid synthesis ( Fig. 5, DATASET S5 ). Totally, they can't 210 generate independently 11 basic amino acids comprising isoleucine, histidine etc. Nevertheless, 211
the widespread secreted peptidases existing in DPANN-HV might help them to discompose 212 protein into amino acids transported into cells for protein synthesis. 213
Logically, the both metabolism patterns, reduced nucleotides and amino acids synthesis, are 214 suitable for the microorganisms including DPANN with small genomes because of low 215 consumption and limited genes. Given that the hydrothermal vents areas always show high 216 biomass and high biodiversity, there is no shortage of nucleotides and amino acids released from 217 organisms. Collectively, free of encoding a large amount of enzymes as well as consuming a lot 218 of energy, getting semi-products from environments is a better and more economical method for 219 the DPANN-HV whose genomes are small. 220
The DPANN-HV metabolize sulfur compounds and hydrogen which are rich in 221 hydrothermal ecosystem. Because of the high abundance of archaea kingdom in hydrothermal 222 vent sediments, it is reasonable to propose that the DPANN-HV have some special 223 13 characteristics about hydrothermal vents. It was reported that methane, hydrogen, and 224 compounds containing sulfur were rich in hydrothermal vents (33). We thus searched for the 225 existence of the pathways related to these substances. 226
To assess whether methane metabolism existed, we aligned genomes to the database 227 hydrogenases were detected but [Fe] family hydrogenases were not (Fig. 3) . The latter ones are 234 regarded as methane metabolizing enzymes, their absence also lends credence to the deduction 235 that this superphylum cannot use methane. On the facet of oxygen tolerance, the most of 236 hydrogenases are oxygen-liable, and a few of them are oxygen-tolerant ( Fig. S13 , DATASET 237 S6). That reflects the DPANN-HV are facultative anaerobes. On the anaerobic condition, 238 hydrogenases work as electron donors and react in fermentation of formate, acetate and alcohol. 239
On the aerobic condition, oxygen-tolerant hydrogenases have the abilities to metabolize 240 polysulfide and convert elemental sulfur or polysulfide into sulfide, which strongly suggests that 241 DPANN-HV might be contributors in the sulfur cycle in the hydrothermal environment. 242 14 To reveal the possible roles of DPANN-HV in the sulfur cycle in hydrothermal vent system, 243
we searched their genes which used for utilizing sulfur compounds including inorganic and 244 organic sulfur compounds. The results showed that only a few individuals possess sulfide 245 oxidases, even though sulfide scatters widely in the hydrothermal vents (Fig. 3) . However, 246 enzymes catabolizing inorganic sulfur compounds exist widely in this group. For example, 247 sulfate adenylytransferase are present in all genomes, which can convert sulfate, ATP and H + 248 into adenosine phosphosulfate (APS) (34) . And then APS is dissimilated to sulfites through APS 249 enzyme, releasing AMP, H + and an oxidative electron receptor (35). In terms of organic sulfur 250 metabolism, we found that atsA genes (36) were widely scattered. It suggests the DPANN-HV 251 could metabolize organic sulfur compounds to obtain organic molecules and sulfate for 252 synthesizing cofactors and amino acids (37). The arylsulfatases expressed by atsA enable 253 DPANN-HV forage on more kinds of organic sulfur containing substrates (38). It means that the 254 DPANN-HV are more tolerant to these compounds harmful for others. Marine polysaccharides, 255 which are regarded as the most complex organic molecules in the ocean, are highly sulfated 256 comparing to land polysaccharides (39). Marine polysaccharides are rich in the deep-sea 257 hydrothermal system because of its high biodiversity (40). Therefore, these two type enzymes 258 also help DPANN-HV lacking polysaccharide lyases utilize the carbon source better. 259
The presence of these genes explains that the DPANN-HV are capable of metabolizing many 260 kinds of sulfur compounds in the hydrothermal vents, which shows their adaptabilities to this 261 ecosystem. The DAPNN-HV utilize these substrates and release a large amount of sulfate to 262 15 offer their own and other livings' growth. They are also pivotal in the supply of inorganic sulfur 263 even sulfur cycle in the local ecosystem. 264
DISCUSSION 265
In this study, we assembled 20 DPANN group genomes from the deep-sea hydrothermal catalyzing carbon dioxide assimilation distributes widely, which strongly suggests that they can 282 transform the inorganic carbon compounds to organic ones, then utilize for life processes and 283 release for other organisms. Most significantly, due to their carbon fixation metabolism, they can 284 serve as producers and a crucial part in the biologic chain of the dark ocean. Besides of carbon 285 fixation, they are capable of assimilating nitrogen. Nitrogenases were detected widely in the 286 DPANN-HV genomes, and the other important regulating genes of nitrogen fixation were also 287 found, suggesting the group had nitrogen fixation system. Nitrogen is metabolically useless to 288 most microorganisms. But it can be converted into ammonia or related nitrogenous compounds 289 which are metabolized by most organisms by the DPANN-HV. On account of their high 290 abundance, the DPANN-HV undoubtedly supply a large amount of nitrogen nutrients and make 291 a great contribution to the nitrogen cycle even biogeochemical cycles. Finally, organic sulfur 292 metabolizing genes were found in the DPANN-HV genomes. Sulfur compounds are known to 293 play crucial roles in the sulfur cycle in hydrothermal vents. The DPANN-HV are able to 294 metabolize polysulfide and phenol sulfate, which can't be utilized by most microbes. Moreover, 295 the DPANN-HV can produce sulfite and sulfide, the substrates used by most hydrothermal 296 microorganisms. Therefore, they are significant participants in the hydrothermal sulfur cycle. 297
Conclusively, they are essential contributors to maintain hydrothermal ecosystem and promote 298 material circulation and energy cascade. Although many researches mentioned their various 299 functions (7, 8, 11), few focused on their ecological significances. Here, we link the metabolism 300 to ecology as references for further researches. 301
Due to their reduced genomes, the DPANN-HV tend to use economical strategies. Several 302 important metabolizing pathways in the DPANN-HV groups are incomplete, however, the core 303 genes included in the incomplete pathway or the replaceable metabolism could be detected. We 304 don't deny the possibility that the absence of the complete pathways is a bias of completeness of 305 genomes, but the possibility would be very little that all 20 genomes commonly miss these 306 pathways. For instance, they mostly lack the complete gluconeogenesis and are unable to 307 catalyze non-carbohydrate precursors to sugars (namely glucose). However, more than 1400 308 carbohydrates-active enzymes were found in all 20 genomes. And 12% of them can be secreted 309 to the surroundings, degrade polysaccharides and help cell uptake these products. In the same 310 way, the DPANN-HV, which are incapable of de novo synthesizing amino acids, can retrieve 311 amino acids from environments using secreted peptidases. As several works revealed (7, 8, 11), 312
we detected the absence of de novo nucleotides synthesis as well. However, the DPANN-HV 313 group may possess alternative metabolism to uptake DNA from environments. For example, we 314 found CRISPR specific sites in 75% assembled genomes (DATASET S7). So we infer 315 exogenous nucleotides the DPANN-HV processing are probably from virus though CRISPR 316 immune systems. Besides, type IV secretory pathway presents almost all genomes, meaning the 317 DPANN-HV genomes are able to obtain nucleotides through conjunction (42). Significantly, 318 exosomes exist in 19 DPANN-HV genomes. Bearing proteins, lipids, and RNAs, they mediate 319 intercellular communication (43) . Meanwhile, what they carrying are likely to apply substrates 320 for DPANN-HV to synthesize nucleotides and proteins. As some researches inferred (7, 8, 11), 321 18 these metabolic deficiencies indicated a potential syntrophic and/or mutualistic partnership with 322 other organisms, however, few of them revealed how DPANN group get nucleotides. integrity was evaluated by gel electrophoresis and 0.5 μg of each sample was used to prepare 340 19 libraries. The DNA was sheared into fragments between 50 -800 bp using Covaris E220 341 ultrasonicator (Covaris, Brighton, UK). DNA fragments between 150 bp and 250 bp were 342 selected using AMPure XP beads (Agencourt, Beverly, MA, USA) and then were repaired using 343 T4 DNA polymerase (ENZYMATICS, Beverly, MA, USA). These DNA fragments were ligated 344 at both ends to T-tailed adopters and amplified for eight cycles. Finally, the amplification 345 products were subjected to a single-strand circular DNA libraries. Diamond (v0.8.23) by default, and the best hits were chosen. The CRISPR specific sites and 358 proteins were found using CRISPRCasFinder (54). Additionally, in order to search for specific 359 metabolic genes, we downloaded several databases including CAZY (55), MEROPS (56), 360 20 AnHyDeg (57) and HydDB (58) for identifying carbohydrate active enzymes, peptidases, 361 anaerobic hydrocarbon degradation genes and hydrogenases. Then these databases were aligned 362 to assembled genomes using Diamond (v0.9.29) with E-value 10e-5 with sensitive mode. Also, 363 the sequences from NCBI (only archaeal and bacterial non-redundant sequences were selected) 364
and UniProt (only reviewed sequences were selected) were downloaded for further metabolic 365 analysis. Then we constructed the database for alignments using Diamond with E-value 10e-5. 366
Protein localization was determined for CAZymes and peptidases using TMHMM web tool (59) 367 with default parameters. Finally, all figures were completed using R (v3.5.1). 368
Phylogenetic analyses. For revealing the phylum composition of assembled genomes in the 369 archaea kingdom, we downloaded three sequences per archaeal phylum from NCBI ref genomes 370 using Aspera (v3.9.8). Then, Phylosift (v1.0.1) (60) was used to extract 37 marker genes ( Table  371 S2) containing in genomes with automated setting. The sequences were trimed using TrimAl 372 (version 1.2) (61) using gappyout function. Finally, maximum likelihood tree was inferred using 373 IQ-TREE (v1.6.12) (62)with GTR+F+R10 model (-bb 1000) and showed by iTOL (v5) (63). 374
For investigating the confirmed phylum of the DPANN-HV genomes, all referenced DPANN 375 genomes were downloaded from NCBI using Aspera. The same methods above were used in the 376 phylogenetic analyses of referenced DPANN genomes and DPANN-HV genomes but with 377 GTR+F+I+G4 model when using IQ-TREE. 378
For inferring the phylogeny of the DPANN-HV genomes, the same methods above were 379 completed but with GTR+F+I+G4 model when using IQ-TREE. All assembled genomes were 380 21 used to calculate the average amino acid identity across all referenced DPANN genomes from 381 NCBI using CompareM (v 0.0.23) with aai_wf function (64). Then we depicted the result with a 382 heatmap using R (3.5.1). 383
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